Edited by Jonathan V. Selinger, Kent State University, Kent, OH, and accepted by the Editorial Board December 20, 2013 (received for review August 12, 2013) Confined liquid crystals (LC) provide a unique platform for technological applications and for the study of LC properties, such as bulk elasticity, surface anchoring, and topological defects. In this work, lyotropic chromonic liquid crystals (LCLCs) are confined in spherical droplets, and their director configurations are investigated as a function of mesogen concentration using bright-field and polarized optical microscopy. Because of the unusually small twist elastic modulus of the nematic phase of LCLCs, droplets of this phase exhibit a twisted bipolar configuration with remarkably large chiral symmetry breaking. Further, the hexagonal ordering of columns and the resultant strong suppression of twist and splay but not bend deformation in the columnar phase, cause droplets of this phase to adopt a concentric director configuration around a central bend disclination line and, at sufficiently high mesogen concentration, to exhibit surface faceting. Observations of director configurations are consistent with Jones matrix calculations and are understood theoretically to be a result of the giant elastic anisotropy of LCLCs.
emulsions | complex colloids T he director configurations of confined liquid crystals exhibit a rich phenomenology, the physics of which is determined by a delicate interplay of topology, elastic free energy, and anchoring conditions at the boundaries (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Droplets present arguably the simplest and most symmetric confining container for liquid crystals. Droplets of thermotropic liquid crystals (TLCs) and the manipulation of their director configurations, for example, are actively studied, in part because of their demonstrated use as core materials in display technologies (3, 13) and their potential applications ranging from biosensors (14, 15) to microlasers (16) . Indeed, significant fundamental and technological progress has been made with TLC droplets, because their bulk elasticity and surface anchoring phenomena are now well understood and easily controlled.
Lyotropic chromonic liquid crystals (LCLCs) are composed of organic, charged, and plank-like mesogens that self-assemble in water into columnar aggregates via noncovalent electrostatic, excluded volume, hydrophobic, and pi-pi stacking interactions (17) (18) (19) (20) . The aggregates, in turn, assemble into nematic or columnar phases, depending on temperature and concentration. A variety of organic molecules such as dyes, drugs, and biomolecules form LCLCs (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . However, far less is known about the fundamental science and applications potential of LCLCs than the more-studied TLCs. Indeed, basic properties of LCLCs, including aggregate size distribution and formation dynamics, bulk elasticity, and surface anchoring are neither fully characterized nor understood and are the subject of exciting ongoing research. Only recently, for example, have measurements been made of fundamental properties, such as the FrankOseen elastic constants (28, 29) , of any LCLC, and they have revealed unusual concentration and temperature dependences of the splay and bend moduli and a twist modulus that is unusually small compared with the other two.
Here, we explore the behavior of aqueous LCLCs droplets suspended in a background oil phase. The droplets provide an excellent platform for the study of basic LCLC properties because of their highly symmetric finite-volume confining geometry and, usually, their uniform boundary conditions. Our study investigates droplets similar to those in "classic" thermotropic LCs for which bulk elasticity and anchoring are easily characterized. Further, droplet size is more easily controlled in the water-in-oil emulsions than in systems at nematic-isotropic coexistence studied in previous work (9, (30) (31) (32) . In particular, the water-in-oil emulsion system permits independent control of the continuous background phase into which one can add chemicals such as surfactants and through which one can regulate LCLC concentration to create isotropic, nematic, and columnar LCLC phases within the same drop.
Specifically, we investigate configurations of Sunset Yellow FCF (SSY) LCLCs in surfactant-stabilized spherical water droplets. The experiments reveal a variety of unusual droplet types arising from nematic LCLCs' very small twist modulus, from their room-temperature columnar phase, and from the planar anchoring of their aggregates at an oil-water interface. In the nematic phase, the director adopts a chiral-symmetry-breaking, twisted-bipolar configuration with an extraordinarily large twist revealed by polarized optical microscopy (POM). These droplets provide an archetypical example of an exotic structure that can be produced by the combination of geometric frustration and giant elastic anisotropy. In droplets of the columnar phase, which occurs at higher mesogen concentration, columns wrap in concentric circles around a central director disclination line while retaining their lattice structure. Interestingly, the lattice structure causes surface faceting of the soft boundary as the mesogen concentration is further increased.
Significance
Lyotropic chronomic liquid crystals (LCLCs) are water-based systems consisting of planar molecules that form aligned stacks in the nematic phase that develop two-dimensional crystalline order upon cooling to the columnar phase. They are characterized by an unusually small resistance to twist distortions. This work explores the interplay of giant elastic anisotropy and geometrical frustration imposed by boundary conditions in droplets, demonstrating, in particular, spontaneous formation in the nematic phase of chiral patterns from achiral building blocks and of central line defects and surface faceting in the columnar phase. Because LCLCs are water-loving, these findings about the combined effects of anisotropic elasticity, confinement, and frustration take steps toward tapping applications for liquid crystals in aqueous environments.
Results and Discussion
Nematic Phase LCLC Droplets. The usual director configuration for nematic TLCs confined to a sphere with tangential boundary conditions is the bipolar configuration (3, 4, 33) , shown in Fig. 1A ; in such droplets there are two surface defects, called Boojums, located at the North and South Poles, and the director has no azimuthal component. In Fig. 1A , the black dots represent the surface defects, and the short yellow rods represent liquid crystal (LC) directors. Our LCLC droplets exhibit instead a chiral twisted bipolar configuration in which the director develops an azimuthal component in passing from the bipole axis connecting the Boojums, most clearly observed in the out-of-focus images of Fig. 1B , to the droplet surfaces as shown in Fig. 1C . Considering the homogeneous and isotropic nature of the background oil phase and clearly observed Boojums, we assume the observed planar anchoring is degenerate and uniform at the LCLC-oil interface (see SI Text for more comments and an estimation of the polar anchoring coefficient).
To investigate this configuration more deeply, we derived sets of POM images of the droplet while rotating the sample (Fig. 1D) . In Fig. 1D , two surface defects in the droplet are approximately in the same plane, parallel to the substrate, an observation that is checked by examining the symmetry of the images under rotation. The patterns observed in the POM images differ significantly from the Jones matrix-simulated POM images of the bipolar configuration (Fig. 1E) ; notice, for example, that the center of the droplet in Fig.  1E does darken when the bipole axis is oriented parallel to either the polarizer or analyzer. By contrast, the patterns observed in the POM images are well described by a twisted bipolar configuration. Fig. 1F shows the Jones matrix simulation of the optical pattern of a twisted bipolar configuration that exhibits, among other features, a disconnected bright ellipse similar to that observed in Fig. 1D and in thermotropic chiral nematic droplets (34) .
The twist angle α 0 of the director ( Fig. 2A) at the equatorial surface relative to the bipole axis provides a quantitative characterization of the twisted bipolar structure. Physically, it is determined by the ratios K 1 /K 2 and K 1 /K 3 of the splay modulus to the twist and bend moduli, respectively. According to Williams (35) and to Lavrentovich and Sergan (36), a director pattern in a spherical LC droplet with planar anchoring can break chiral symmetry when K 2 is sufficiently small compared with K 1 and K 3 , i.e., when
; the twisted bipolar configuration has been observed in TLC droplets satisfying this condition (36) (37) (38) . The nematic SSY satisfies this condition for the twisted bipolar configuration (28) , and the Williams' model predicts that these nematic SSY droplets should have a twist angle α 0 greater than 80° (35) .
To estimate α 0 , we measured the transmitted light intensity under crossed polarizers through the centers of the twisted bipolar droplets. We assume the twist angle α(ρ) changes linearly with the distance ρ from the bipole axis (i.e., the radial coordinate in a cylindrical coordinate system with the z axis along the bipole axis); i.e., α(ρ) = α 0 ρ/ρ 0 (z) ( Fig. 2A) . Here ρ 0 (z) is the maximum value of ρ in a droplet at a given z. Given the remarkable similarity in the optical patterns of the nematic LCLC droplet and a thermotropic chiral nematic droplet with low chirality (34) , this assumption is reasonable. Specifically, along the diameter at z = 0, the twist angle changes linearly on a path from surface to surface along a chord through the origin from + α 0 (red rod) to −α 0 (blue rod), passing through zero at the bipole axis ( Fig. 2A) . The central region can readily be approximated as the well-known planar twisted nematic cell often used in liquid crystal displays (39) . Fig. 2 B and C shows the intensity transmitted through this central region as a function of the angle of polarizer with respect to the fixed analyzer. The measured intensity reported in Fig. 2C is the average intensity over this central region (i.e., a cylinder through the center of the droplet with a diameter ∼10% of the droplet diameter). The direction of the pass axis of the analyzer is set parallel to the bipole axis.
To determine α 0, these intensity data are fit to Eq. 1 below (for details see SI Text), which is approximately equal to the transmitted light intensity through a corresponding planar twist cell as a function of the angle θ of the entrance polarizer (39),
Here
where λ is the wavelength of the illuminating light (i.e., 650 nm), Δn (i.e., −0.08) (22) is the difference in index of refraction for light polarized parallel versus perpendicular to the director, and I 0 (I) represents the intensity of the illumination (transmitted) light. For our droplets, the droplet diameter d is greater than 30 μm, and the expected α 0 is on the order of 1 rad; thus, it is reasonable to assume that the droplets are in the Mauguin regime in which the polarization of the light follows the director. The solid lines in Fig. 2C are best fits to the data (for details see SI Text).
Surprisingly, the measurements suggest that the nematic LCLC droplets have a very large twist angle, i.e., α 0 > 90°. The average of jα 0 j over 18 different droplets was 114.8 ± 4.4°. Note that twist angles greater than 90°were not reported experimentally in refs. 3 and 36-38, nor predicted by the largely accepted Williams' model (35) . Additionally, the sign of the fitted α 0 implies a certain handedness of chirality, and both signs were observed in the Fig. 1 . Optical microscopy images of a nematic LCLC droplet and Jones matrix calculations of the patterns in droplets between crossed polarizers. Scale bar, 20 μm. Schematic diagrams of (A) the bipolar configuration and (C) the twisted bipolar configuration. Black dots represent the defects at the droplet surface and short yellow rods represent LC directors. (B) Bright-field microscopy images of the nematic droplet in different focal planes. (D) POM images of a droplet between a crossed polarizer (P) and analyzer (A); the pass-axis directions are shown as white arrows. Each column shows a droplet at a different rotation angle. Corresponding POM patterns simulated by Jones matrix calculations of light propagating through the droplet of (E) a bipolar configuration and (F) a twisted bipolar configuration. droplet sample. Based on the number ratio between positive and negative twist angles (i.e., 7:11) across all droplets, it appears that there is no preferred handedness of chirality in these systems (i.e., within our statistical error). Interestingly, these droplets look remarkably similar to thermotropic chiral nematic droplets with a half pitch less than a diameter of the droplet, i.e., droplets in which α 0 is greater than 90°(34). We searched for correlations between α 0 and the size of the droplet for droplets with diameters in the range of 30 to 80 μm, but we found none.
Lastly, to understand this large chiral symmetry breaking in droplets at a fundamental level, we carried out a numerical calculation of elastic free energy based on a simplified director field model. To this end, we followed Xu and Crooker (34) and Xu et al. (37) and assumed a simplified director field for the twisted bipolar configuration n tb = n b cos(α) +n c sin(α), which combines the bipolar configuration n b and the concentric configuration n c (for details see SI Text). For the droplet calculations, we use the director field models for the bipolar configuration and the concentric configuration used by Ding and Yang (40) .
Assuming a linearly changing α(ρ) = α 0 ρ/ρ 0 (z), we numerically calculate the elastic free energy of each deformation mode and their sum as a function of α 0 (for details see SI Text) as shown in Fig. 3A . Note that the splay energy exhibits a minimum at α min ∼ 130°, which sets an upper bound on α 0 , whereas the elastic free energy of the twist and bend deformations increases monotonically with α 0 . Therefore, the total elastic free energy has its minimum at nonzero α 0 . For example, for K 2 /K 1 ∼ 0.09 and K 3 /K 1 ∼ 0.91 in a 31.5% (wt/wt) SSY solution (28) , the twist angle is expected to be α 0 ∼ 90°. At higher concentrations, because K 1 and K 1 /K 2 and K 1 /K 3 increase (28), the α 0 of the minimum elastic free energy increases and can surpass 90°. This effect is shown in Fig. 3B for K 2 /K 1 ∼ 0.07 and K 3 /K 1 ∼ 0.67, wherein the droplet has α 0 ∼ 100°. In practice, the evaporation of water from the droplet into the background oil phase increases the SSY concentration in the droplet from its initial value of 31.0% (wt/wt), thereby increasing K 1. It is thus reasonable for α 0 to reach values greater than 90°. Note, however, the untwisted bipolar configuration (α 0 = 0) is preferred at sufficiently large values of K 2 /K 1 as shown in Fig. 3B , which is consistent with the Williams condition for the twisted bipolar configuration.
To conclude this section we explore the spatial dependence of the elastic free energy in the region around the defect. Indeed, it is the behavior in the vicinity of the defect that dominates the determination of the twist angle α 0 . Fig. 3C plots the total elastic free energy of each z/R integration range where the z axis is along the bipole axis and R is the radius of the droplet. With this notation, when z/R = 0.8-1, the integration volume is a spherical cap near the defect, and when z/R = 0.0-0.2, the integration volume is a thin disk near the droplet equator. We see that most of the elastic free energy is concentrated in the region around the defect where splay is largest. Fig. 3 D and E summarizes the contributions of splay, twist, and, bend to the energy densities of the bipolar (α 0 = 0) and twisted bipolar (α 0 = 90), respectively. In both cases, splay in the vicinity of the Boojum dominates the energy. This energy, however, decreases with increasing twist angle, whereas the twist and bend energy increase slowly. The equilibrium value of α 0 is determined by the balance between these two effects.
Columnar Phase LCLC Droplets. To study LCLC droplets in the columnar phase (41) , the concentration of SSY in the droplet was increased by evaporation of water through the oil phase, and, as a result, the liquid crystal in the droplets experienced a phase transition from nematic to columnar phase through the coexistence region (see SI Text for details). Fig. 4A shows the columnar phase droplets that exhibit a concentric director configuration. The director field model of the concentric configuration is shown in Fig.  4B ; here the short yellow rods and the thick black line represent the LC directors and the line defect, respectively, and the dotted white lines indicate the 2D triangular lattice of the columnar phase in the droplet. The director encircles a bend disclination line defect. Fig. 4C shows a sequence of POM images of the droplet at different rotation angles, along with corresponding Jones matrix calculations (Fig. 4D ) of the concentric configuration (40) . Note that both the POM images and Jones matrix calculation in the concentric configuration are quite different from those of the twisted bipolar configuration (Fig. 1 D and F) . Although both patterns appear as nested ellipses, the ellipses of the concentric configuration are sharper near the ends of the major axis, e.g., compared with those of the twisted bipolar configuration. In addition, a droplet in the concentric configuration has low transmittance through crossed polarizers when the line defect is parallel to either the polarizer or the analyzer.
The concentric configuration is a result of the large elastic anisotropy of the columnar phase. The lattice structure of the 2D hexagonal columnar phase strongly suppresses twist and splay but not bend deformation. Therefore, it is natural for the columnar droplet with planar anchoring to take on the concentric configuration in which only bend deformation exists. Further, as shown in Fig. 4B , this configuration can maintain 2D hexagonal ordering . Black dots represent the Boojums at the droplet surface, and the line connecting them is the bipole axis. The direction of the analyzer (A) is parallel to the bipole axis connecting two defects. θ is defined by the angle between the polarizer (P) and the analyzer (A). Short yellow rods show LC directors along a chord through the center of the droplet only. Thick blue and red rods represent the entrance and exit LC directors, respectively. ρ is the radial coordinate in a cylindrical coordinate system with the z axis along the bipole axis, and ρ 0 (z) is the maximum value of ρ in a droplet at a given z. (Inset) Projection view through polarizer and analyzer; α 0 is defined as the angle between meridional lines and the entrance LC director at the surface of the droplet. (B) POM images of the droplet located between the polarizer (P) and analyzer (A) with directions shown as white arrows. Scale bar, 20 μm. (C) Intensity of the transmitted light through the center of the droplet as a function of the angle between the polarizer and the analyzer. Black and red symbols are data from two representative droplets, and the solid curves are best fits to the data using Eq. 1. The error bars are the SDs of intensities over the central region of which the diameter is 10% of the droplet diameter.
throughout the droplet except at the core line defect. Such a configuration, which is curved on a large scale even though the lattice of the columnar mesogens is not deformed, is called a developable domain (42, 43) . Thus, the observed concentric configuration corresponds to a spherical developable domain, and the central disclination line defect is its 1D singularity. In contrast with the behavior in the nematic phase, the line defect cannot have an escaped structure, because splay deformation is not allowed. In addition, it is noteworthy that the line defects are large enough to be resolved in optical microscopy, e.g., width ∼1 μm; in many lyotropic materials, the domain cores are too small to be resolved optically (43) . The large size of the core might be closely related to unexplored properties of the LCLC columnar phase. For instance, because columnar aggregates of LCLC molecules self-assemble dynamically via noncovalent interactions and thus are semiflexible with a finite persistence length and a polydisperse length distribution (28), they might adopt a different structure when confined strongly in and around a defect core.
At the very highest concentrations studied, columnar phase droplets exhibit an even more remarkable behavior: their soft surface develops facets that can be described by the Wulff construction (44, 45) . As shown in Fig. 5 A and B , the columnar droplets develop facets as the LCLC concentration increases. The faceted droplets maintain notable rotational symmetry about their core line defect, indicating that the columnar order of weakly bonded aggregates is coherent over quite long distances, e.g., along a circumference of several tens of μm, as can be seen in the droplet at the upper right corner of Fig. 5A . For smaller droplets, the cross-section containing the line defect more closely resembles a hexagon as shown in Fig.  5A . This hexagonal shape can be understood using the Wulff construction to describe the equilibrium shape of a crystal in terms of its anisotropic interfacial energy. In the 2D-Wulff construction, we start with a polar plot of the interfacial energy as a function of orientation and then draw tangential lines to the polar plot. The inner envelope of these tangential lines describes the equilibrium shape of a crystal that minimizes total interfacial energy (44, 45) . Specifically, in the cross-section containing the line defect shown in Fig. 5B , the columnar phase is a 2D crystal with hexagonal ordering. If the anisotropic interfacial energy has the sixfold symmetry shown in the polar plot of the interfacial tension (red curve in Fig. 5C ), the Wulff construction predicts hexagonal faceting pattern (the inner envelope of gray lines in Fig. 5C ). Rotation about either an axis connecting opposite vertices (VV′ in Fig. 5C ) or opposite edges (EE′ in Fig. 5C ) of the hexagon produces configurations having a hexagonal shape for each cross-section containing the rotation axis. Note that a configuration having the EE′ rotation axis (E type) has more surface area than a configuration having the VV′ rotation axis (V type) at fixed volume (see SI Text for details and schematic diagrams). Then, it makes sense that E-type droplets with larger surface area (the droplets with a black outline in Fig. 5A ) are observed less frequently than V-type ones. Presumably, the irregular facets in larger droplets may result from polycrystalline domains or nonuniform evaporation of water from the droplet.
Conclusion
We have made LCLC droplets with planar anchoring and studied their director configurations as a function of LCLC concentration. In nematic droplets, a very small twist elastic modulus produces an unprecedentedly large chiral symmetry breaking that can be understood theoretically using simple elastic free-energy models with large elastic anisotropy. Interestingly, despite their lack of chirality, the nematic LCLC droplets have a chiral twisted bipolar configuration similar to those observed in droplets of liquid crystals with intrinsic chirality. Columnar LCLC droplets, by contrast, exhibit a concentric director configuration with a central disclination defect, corresponding to a spherical developable domain with a 1D singularity. Additionally, because of 2D crystalline ordering of the columnar phase, the columnar droplets at the highest concentrations develop facets resulting in a hexagonal shape. We should be able to use the advantages of this emulsion system to study configurations with different boundary conditions and in various classes of external field. As in the present investigation, we expect the resultant configurations to shed light on our understanding of the delicate interplay between bulk elasticity and surface anchoring phenomena in LCLCs. Furthermore, the unique shapes and configurations formed, and the broken chiral symmetry, may offer possibilities for control and application materials based on complex colloids.
Materials and Methods
Preparation of LCLC-in-Oil Emulsion. SSY was purchased from Sigma-Aldrich at a purity of 90% (wt/wt); it was then further purified using a published precipitation method (22, 26, 46 height and 2 mm in width, VitroCom) was filled with this emulsion solution. While in the capillary, water in the droplet undergoes a slow evaporation through the oil phase leading to an increase of SSY concentration in the droplet and an eventual phase transition from the nematic to the columnar phase.
Observation of Droplets. Bright-field and POM images of all droplets were obtained with an inverted microscope (DM IRB, Leica Microsystems) using a 63× dry objective with coverslip-thickness correction and N.A. = 0.7. Images were taken with a black-white CCD (UP-680CL, UNIQ Vision Inc.) and quasimonochromatic illumination (center wavelength = 650 ± 2 nm, FWHM = 10 ± 2 nm) derived from a halogen lamp using a bandpass filter (P10-650, Orion). Separate absorption measurements indicate that the transmittance of the droplets at 650 nm was greater than 95%; no fluorescence was observed for 650-nm excitation. The samples were rotated on a circular stage located between a fixed polarizer and analyzer. Additionally, in this configuration images were obtained with a rotating polarizer, when both the sample and the analyzer were held fixed. Typically, once a droplet was chosen for study, all rotation experiments were conducted within 2 min so that the effects of translational and rotational diffusion of the droplet were minimal. All observations were carried out at an ambient temperature of 24°C.
Jones Matrix Calculation. To characterize the director configurations in the droplets, the POM images of the droplet under monochromatic illumination were compared with simulations of polarized light transport through a droplet and polarizers, using the Jones calculus with 2 × 2 matrices. Specifically, the volume of a "simulated" LCLC droplet was divided into volume elements (voxels) on a 3D grid, and the LC director in each voxel was computed from a 3D director field model (3, 37, 40) . Using the LCLC's estimated ordinary and extraordinary indices of refraction at the wavelength of the illumination light, the Jones matrix for each voxel was calculated (see SI Text for details of the Jones matrix calculation). Then, simulated plane waves were projected through the polarizer, through the simulated droplet, and through the analyzer, and the corresponding Jones matrices of the optical components and the voxels along the beam path were multiplied sequentially to derive an exit Jones vector at each pixel. The squared norms of the exit Jones vectors represent the transmitted intensities at each pixel and comprise a 2D intensity profile of the transmitted light. This profile was then compared with observation. Note that for this calculation, the effects of refraction, reflection, and diffraction by the droplet were assumed to be negligible; it is known that this approximate calculation produces reasonable simulations for large droplets with modest birefringence (3).
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